Using a conventional thermal chemical vapor deposition (CVD) system, ethanol vapor was enclosed in a reactor, i.e., no flow, with Co/Mo dip-coated quartz substrates to synthesize submillimeter long vertically aligned single-walled carbon nanotube (SWNT) films successfully. The no-flow CVD method yielded an increase in film thickness of up to 0.11 mm compared with the normal flowing gas method for 30 min of synthesis. The thermal decomposition of ethanol was investigated using Fourier transform infrared spectroscopy and quadrupole mass spectrometry. At CVD temperatures, ethanol decomposed mainly into ethylene, acetylene, acetaldehyde, and water. Some of these molecules could enhance SWNT growth.
Introduction
Since the discovery of carbon nanotubes in 1991, 1) they have been studied in various scientific and application fields. In particular, single-walled carbon nanotubes (SWNTs) have attracted great interest because of their unique properties.
2) SWNTs can be synthesized by arc-discharge, 3) laser ablation, 4) and chemical vapor deposition (CVD). [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In CVD, carbon containing molecules, such as acetylene, 5) ethylene, 15) or methane 6) serve as carbon sources. Recently, alcohol has been employed as a carbon source 7, 8) and alcohol catalytic CVD (ACCVD) has become a popular CVD method for the growth of high-purity SWNT films, partly due to the low cost and easy handling of the nonhazardous CVD gas source. [9] [10] [11] [12] [13] Even though ACCVD is a powerful synthesis method, limited SWNT growth 14) is caused by catalyst poisoning, as in other CVD methods. We have reported that SWNTs are selectively grown by ACCVD because an OH radical produced by the decomposition of an alcohol molecule at the catalyst could remove amorphous carbon. 7 Modifying this idea, Hata et al. 15) added a small amount of water for growth enhancement, where the water serves to remove amorphous carbon on catalysts. Actually, ethanol decomposes into water and ethylene when kept at the CVD temperature. 16) Hence, the decomposition of some percentage of ethanol is usually expected. Fortunately, ethylene is a carbon source for SWNT growth.
In this letter, we present ethanol-vapor-enclosed ACCVD, hereinafter called no-flow ACCVD, for accelerating ethanol decomposition during SWNT growth. An analysis of CVD gases is also presented to verify this concept. We found that the decomposition of ethanol could enhance the growth of SWNTs after the nucleation stage.
Experiment Procedure
For SWNT synthesis, a bimetallic Co-Mo catalyst was employed. The catalyst was formed on a quartz substrate as follows. A quartz substrate (24 × 12 × 0.5 mm 3 ) was dipped in a 0.01 wt% Mo acetate solution, and then withdrawn at a rate of 2 cm/min. After annealing in air at 673 K for 5 min, the substrate was dipped in a 0.01 wt% Co acetate solution and withdrawn at the same rate. Finally, the substrate was again annealed in air at 673 K for 5 min. The experimental setup for SWNT growth is shown in Fig. 1 . The substrate was inserted into a quartz tube, which was evacuated to 1x10 -4 Pa by a turbo-molecular pump. The tube was then heated up to the growth temperature (1113 K) under 40 kPa of flowing Ar/H 2 (3% H 2 ). When the growth temperature was reached after about 30 min,
the Ar/H 2 gas flow was stopped and the quartz tube was evacuated again until the pressure reached 1x10 -4 Pa. The downstream valve was then closed, and ethanol vapor with or without Ar/H 2 gas was introduced into the tube. When some initial growth pressure was reached, the upstream valve was also closed. Initial growth pressure and growth time were varied from 1.3 to 2.7 kPa, and from 3 to 90 min, respectively. The growth of SWNTs was terminated by opening the downstream valve. CVD gas was analyzed by Fourier transform infrared spectroscopy (FT-IR; Otsuka electronics IG-1000) and quadrupole mass spectrometry (QMAS; Horiba M system). An FT-IR cell was inserted into the bypass line parallel to the exhaust line, as shown in Fig.  1 . Prior to FT-IR, the cell was evacuated and the background spectrum was obtained. CVD gas was introduced into the cell by closing the downstream valve and opening the upstream valve of the cell for the measurement. The cell length was 10 cm. Due to the difficulty in measuring water by FT-IR at low pressure, QMAS was employed for water measurement. The QMAS system was attached to the exhaust line, as shown in Fig. 1 . SWNT films were observed by scanning electron microscopy (SEM; Hitachi S-5500), and their quality was examined by Raman scattering spectroscopy (JASCO NRS-3300).
Results and Discussion
Figure 2(a) shows a typical cross-sectional SEM image of a vertically aligned SWNT film grown by no-flow ACCVD. Film quality was confirmed by Raman scattering spectroscopy excited with a 488 nm laser from the side of the SWNT film. The G(1591 cm -1 )/D(1342 cm -1 ) ratio was approximately 50, and radial breathing mode (RBM) peaks were clearly observed, as shown in Fig. 2(b) . The predominant RBM peaks were at 158, 178, and 199 cm -1 . The RBM spectra obtained from the lower, middle, and upper sections of the film showed similar profiles. The dependence of gas enclosure time, i.e., growth time, on film thickness is shown in Fig. 3 . The thickness of the film grown by the traditional (constant-flow) ACCVD is also plotted. An increase in film thickness of approximately threefold was obtained using the no-flow ACCVD. The initial growth rates in the no-flow ACCVD were almost the same, as in the constant-flow ACCVD. Even with the use of the no-flow ACCVD, film thickness seemed to saturate after 30 min. The enclosed gas pressure increased from 2.7 to 3.9 kPa during growth. To investigate the gas enclosure effect, CVD gases were analyzed by FT-IR and QMAS. According to Herzler et al., 16) ethanol can thermally decompose at the CVD temperature. Thus, we investigated the thermal decomposition behavior of ethanol. Ethanol vapor was enclosed in a tube at 2.7 kPa without any catalysts present and was
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heated to 1113 K. The resulting ethanol vapor was held at this temperature between 3 and 15 min. After heating, the ethanol vapor was introduced into an FT-IR cell or the QMAS system, and the decomposed fragments were examined. The results show that about 70% of the ethanol decomposed with in 3 min, generating ethylene, acetylene, acetaldehyde, methane, carbon monoxide, carbon dioxide, and water. This result indicates that the thermal decomposition of ethanol generates new carbon source molecules such as ethylene, as well as oxidative molecules such as water. The time dependence of the amount of decomposed fragments was also analyzed by FT-IR. To discriminate thermally decomposed fragments from those decomposed via catalyst interaction, the spectral intensity obtained in the absence of a catalyst was subtracted from that obtained in the presence of a catalyst. The result showed that the amount of ethanol decreased with time, reaching zero after approximately 60 min as shown in Fig. 4 . This time dependence curve has a shape similar to that of the growth curve shown in Fig. 3 . Ethylene showed a similar behavior to ethanol. This result suggests that not only ethanol, but also ethylene is effectively used for SWNT growth.
Other fragment molecules such as acetylene and carbon monoxide were difficult to analyze owing to their weak intensities.
The amount of water was determined qualitatively using QMAS instead of FT-IR. The integral intensity of the water signal (m/e=18) decreased by approximately 50% when catalysts were present.
The results presented above suggest that the gas enclosure effect is induced by two processes. One is the enhancement of growth by generated hydrocarbons such as ethylene and acetylene. Even though 70% of the ethanol decomposes with in 3 min, it should be noted that the growth rates for both no-flow and constant-flow ACCVDs were similar for about 10 min. This result suggests that the nucleation stage is predominated by ethanol vapor; however, hydrocarbons may contribute to carbon growth only after the nucleation. Another process is catalyst activation by the generated water, as discussed in ref. 15 . Although we discussed CVD phenomena by showing FT-IR and QMAS data, such data are not in situ measurements and thus some postreactions must be considered such as water adhesion on the inside of the exhaust gas line and gas decomposition on the QMAS filament. Further investigation is needed for quantitative discussion.
Conclusions
We have demonstrated a novel ACCVD method of obtaining submillimeter long vertically aligned SWNT films. Film thickness can be increased by enclosing ethanol gas inside the reactor tube during CVD. Enclosed ethanol vapor thermally decomposes into secondary hydrocarbons, which act as new CVD carbon sources, and water, which accelerates SWNT growth. 
